INTRODUCTION
Ferredoxin-NADP + reductases (FNR 1 , 1.18.1.2) participate in a broad range of redox metabolic pathways in a wide variety of organisms (1, 2) . In chloroplasts and in vegetative cells of cyanobacteria, they catalyze the reversible electron transfer between two molecules of ferredoxin and a single molecule of a pyridine nucleotide (1) . The photosynthetic electron transport process reduces ferredoxin at the level of photosystem I and then, FNR transfers electrons from the reduced iron-sulfur protein to NADP + . This process concludes with the formation of the NADPH necessary for CO 2 fixation and other biosynthetic pathways (1) . FNRs are also able to mediate oxido-reduction of the FMN containing flavodoxins, which are synthesized in bacteria either constitutively or under iron deficit conditions as replacement of ferredoxins (3) . FNRs also take part of other non-photosynthetic processes such as nitrogen fixation (4, 5) , steroid hydroxylation (6) and oxidative stress protection (7) .
The three-dimensional structures of more than ten FNRs from different sources have been determined, displaying all the same structural features, prototype for a large family of flavoenzymes. They consist of two different domains; one involved in the binding of the prosthetic group FAD and the other responsible for binding of NADP + (8, 9) . The prosthetic group is attached to the reductase NH 2 -terminal domain, which extends up to residue 147 (numbers as in pea FNR), whereas the sequence comprised by residues 148-308 contains the NADP + binding site (9, 10) . Each domain is a compact structure that provides for binding the bulk of its respective dinucleotide, although both cofactors also interact with some residues from completely conserved among all members of the FNR family and present in several members of the flavodoxin family. Recently, we have succeeded in obtaining the structures of productive NADP + and NADPH complexes with pea FNR (10) . This structure reveals the productive binding mode of NADP + to the catalytic site, in which the nicotinamide ring lies against the reface of the isoalloxazine ring in an angle of ∼30º. These results indicate that the nicotinamide ring should displace Tyr308 for productive binding to the enzyme, as it was previously suggested (11) .
The other side of the flavin, the si-face, is buried into the protein structure and facing
Tyr89. The aromatic side chain of this residue makes an angle of 54° with the isoalloxazine (10) .
Moreover, Tyr89 participates in an intricate net of interactions that involves other amino acids and the prosthetic group itself (Fig. 1) . The aromatic moiety of the tyrosine interacts through π−π stacking directly with the isoalloxazine ring, meanwhile the hydroxyl group makes a hydrogen bond with the 4' ribityl hydroxyl group of FAD. The latter hydroxyl group is also in contact with Lys110 through a water molecule (H 2 0 1003). Lys110 also makes a hydrogen bond with the C2 oxygen of the isoalloxazine and through its Nζ with the NMN phosphate of NADP + (Fig. 1 , Ref.
(10)). This interaction was inferred by chemical modification and mutagenesis analysis (12, 13) .
Homologous of tyrosine 89 residue were found in all members of the FNR superfamily (8, 14, 15) . In many others flavoproteins an aromatic residue is also found stacked on the si-face of FAD (16) (17) (18) (19) (20) or FMN (Table 1) . Therefore, it is evident that aromatic amino acids stacked on the flavin si-face may play an important role on the structure and/or function of these enzymes. By way of illustration, replacement of the homologous highly conserved Tyr44 in monoamine oxidase B by non-aromatic amino acids strongly affects the initial FAD binding and the catalytic activity of the enzyme (21) . In flavodoxin, mutation of the invariantly flanked aromatic amino acid of the si-face of the cofactor destabilized the apoflavodoxin-FMN complex in all redox states analyzed (22 (10, 32) . Briefly, bacterial cleared lysates obtained from 10 l of culture medium were applied to a 1,5 cm x 25 cm glutathione-agarose column (sulfur linkage, Sigma). Then, the fusion products were eluted with 10 mM reduced glutathione. Following cleavage with restriction factor Xa (Promega), the reductases were purified to apparent homogeneity using a second passage through glutathione agarose. Finally, proteins were purified using a DEAE Macroprep column (2.5 x 50 cm, BioRad) equilibrated in 50 mM Tris-HCl, pH 7.6 (Buffer A). The column was extensively washed with the same buffer, and bound FNR was eluted using a linear gradient from 0 to 0.4 M NaCl in Buffer A. The FNR fractions eluting near 275 mM NaCl were dialyzed against 10 mM Tris-HCl, pH 7.6, and were concentrated by a DEAE Macroprep column (0.5 x 10 cm, BioRad, equilibrated in Buffer A)
eluted with 300 mM NaCl in Buffer A.
Samples were analyzed by SDS-PAGE according to Laemmli (33) . Polyacrylamide gels were either stained for protein with Coomassie Brilliant Blue, or subjected to electroblotting and immunoreaction (34), using rabbit antisera raised against pure FNR.
Protease sensitivity assays. Resistance of soluble purified FNRs to protease was determined as described (35) FNR-dependent diaphorase was determined by published methods (38) . Following addition of the FNR sample, the reactions were monitored spectrophotometrically following ferricyanide reduction at 420 nm ( 420 = 1 mM -1 .cm -1 ). For the determination of kinetic parameters, steady-state kinetic were carried out at several different concentrations of NADPH, at a fixed saturating concentration (1 mM) of potassium ferricyanide and the data fitted to the theoretical curves using Sigmaplot software (Jandel Scientific).
RESULTS

Ab initio molecular orbital calculations:
We have surveyed the RCSB Protein Data Bank for the geometries of aromatic amino acids facing the si-face of the flavin in high resolution flavoprotein structures. Among them, 25% contain an aromatic residue near the flavin.
Moreover, we observed that in FNR like flavoproteins the tyrosine near the si-face of the flavin is completely conserved and always interacting in an edge-to-face position (Table 1) , which has been proved to be a favorable orientation among interacting aromatic molecules (39) . The C ring of the flavin is always involve in the interaction and the angle formed with the tyrosine phenol varies from 54 to 68 degrees, with the exception of Phthalate dioxygenase reductase, in which Tyr57 is in a near perpendicular position (88 degrees). The examination of non-FNR like flavoproteins shows more freedom than in FNR-like proteins with respect to the aromatic amino acid facing the flavin and the isoalloxazine ring involved in the interaction. However, the tyrosine is still the more frequent interacting partner (13 out of the 20 available structures, Table   1 ). It is worth to notice that in the case of flavodoxin, the aromatic moiety is in a near parallel stack (Table 1) . We decided to further analyze the geometric preferences of the above mentioned interaction using model molecules and ab initio molecular orbital calculations at the RHF/3-21G level. Our aim was to investigate if the tyrosine and the flavin are interacting in energetically favorable arrangement, contributing to the stability of the holoprotein and the binding of the prosthetic group. We have simplified our system using lumiflavin, which is widely accepted as model compound for flavin (40) and phenol as the R group of tyrosine. The perturbation of the aromatic charge distribution introduced by substituting a hydrogen atom of benzene for the aliphatic side-chain of phenylalanine is negligible (41) . Thus, it may be assumed that the isolated phenol ring can be used for the calculations performed. The relative stability of the flavin-tyrosine system in different conformations was evaluated using the same set of molecules where only the angles or distances among them were varied. Figure 2A shows the arrangement of the lumiflavin and phenol with the geometry found between flavin and Tyr89 in the crystal structures of pea FNR. Different arrangements were constructed where the phenol was rotated in defined steps on the Cγ-Cζ axis, keeping constant the orientation of the phenol hydroxyl group and the distance between the aromatic rings centroids (see Fig. 2A ). Thus, a set of arrangements between the two molecules with α between -90 to 90 degrees was used to calculate potential energy. Figure 2B shows the potential energy values obtained for each arrangement (for each α)
plotted against α. A plateau was observed between angles 55° to 73°, with a minimum at 63° (-pair phenol-lumiflavin varies as a function of orientation and distance of the pair under study.
The x-axis is the angle of rotation of the phenol about its Cγ-Cζ axis and the y-axis represents distance from the centroids of the facing aromatic rings (d in Fig. 2A ). The white zones represent non-attractive geometry-distance arrangements, meanwhile, increasing gray indicate favored interactions. Geometries observed for pea FNR is represented on Figure 2C with a star symbol.
All FNR-like proteins displayed geometries for the si-face tyrosine phenol and the flavin that fell near or into the island with the more negative free energy value, with the exception of FPR from
Azotobacter vinelandii. In the case of the Phthalate dioxygenase reductase, in which Tyr57 is in a near perpendicular position, the change is compensated with an approximation of the centroids, thus maintaining the more favorable geometry.
Expression, purification and structural properties of the Y89 FNR mutants.
To further investigate the function of Tyr89, four mutant cDNAs of FNR were successfully constructed and confirmed by DNA sequencing. Base replacements resulted in FNRs enzymes with a single change at Tyr89. In two of the mutants, the phenol ring of Tyr89 was replaced by an indol (Y89W) or by a benzene ring (Y89F), thus maintaining an aromatic residue. Mutation Y89S changes the phenolic side-chain into a primary alcohol, which eliminates the aromatic ring but keeps a free hydroxyl group at the carboxyl end, and the Y89G mutant, which only leaves a hydrogen atom as R group. Expression of the FNR mutants as soluble cytosolic proteins in E.
coli using the pUC derived expression vector pCV105 (see Material a Methods, (28) ) are shown in Figure 3A . The mutant enzyme Y89F was largely recovered in the soluble fraction after disruption of the E. coli induced cells and fractionation by centrifugation of their contents ( 
FAD content and spectral properties:
The FAD content of the wild type and mutants enzymes was determined by using GST fusion proteins. We decided to use the fusion proteins due to the fact that the apoproteins were unstable when excised from the GST, thus masking the effect introduced by the mutation on the flavin incorporation. As shown in Table II non-aromatic replacements in Y89 notoriously affect the incorporation of FAD. In the case of Y89W, about 50% of the protein was deprived of the flavin. This result may be in consistency with the observation that about 50% of the protein is partially digested when the fusion protein is treated with the protease Xa (Fig. 3B) . Purified Y89F and Y89W through a DEAE Macroprep chromatography contained about 1 mol of FAD by mol of polypeptide (Table II) , indicating that the apoprotein fractions of both mutants were lost during Xa protease digestion and ionic exchange purification. It was not possible to obtain purified Y89S and Y89G mutant proteins.
Thus, further analyses were only performed with Y89F and Y89W mutant enzymes. Figure 4A shows the near ultraviolet and visible absorbance properties of the mutant FNRs compared to the wild type enzyme. Small but significant increments were observed for Y89F at 461 nm indicating that the changes introduced favor the interaction between the nicotinamide and the isoalloxazine.
DISCUSSION
In the present study the structural and functional features of the Tyr89 of FNR were analyzed using ab initio calculations and by the generation of site-directed mutants of this residue.
Aromatic interactions in proteins occur at a great variety of geometries. However, some arrangements are preferred. Two distinct groups can be defined based on experimental and theoretical evidences (41, 42) . Thus, one subset collects attractive interactions among aromatic rings that involve edge-to-face orientations, with dihedral angles equal or higher than 45 degrees, namely "T-shape structure". The other group consists of aromatic rings having a parallel offset stacked interaction, a least frequent arrangement called "parallel-displaced structure". These arrangements have been also experimentally observed for larger aromatic systems (46, 47) . We found this heterogeneity on the inter-ring orientational angles among the si-face aromatic ring and flavins. Despite this diversity, homologous to Tyr89 from pea FNR found in FNR-like flavoproteins are all included in the first T-shape structure group. Dissimilar opinions have been risen on whether parallel displaced or T-shape structure of aromatic amino acids are the more stable interactions (41, 42) . Our ab initio calculations indicate that the Tyr89 adopt the conformation that produce a near minimum of energy. The distance among both rings seems to be defined not only by the hydrogen bonding exhibited by the flavin and the residue (see Fig. 1 Another role of the Tyr89 may be inferred through the functional characterization performed on the obtained mutants. We have observed a notorious decrease of the affinity for NADP + when Tyr89 was replaced by Phe or Trp (Table III) , with a concomitant decreased of activity. The three-dimensional structure of the enzyme (see Fig. 1 ) shows that Tyr89 makes hydrogen bonds with Lys110 and the flavin through the C4´ ribityl hydroxyl group. In the case of the Y89F mutant, it may be assumed that the aromatic interaction of the residue with the flavin has been maintained disrupting the hydrogen bonding associated with the hydroxyl group.
The small differences observed in the spectral characteristic of the Y89F and Y89W mutant proteins can be understand in terms of local changes in the active site, without significant variations in the final folding of the entire protein.
If that is true, it may be inferred that substitution of the tyrosine by phenylalanine alters the position of the flavin and/or the correct positioning of the substrate, decreasing the catalytic efficiency of the mutants (Table II ). In the case of Y89W, the bulky substitution can introduce another alteration on the setting of the flavin and the nicotinamide. Additionally, we have observed that both mutants display an increase of the occupancy of the nicotinamide. This change can be produced by a decrease of the interaction between the flavin and Tyr308 (see Fig. 1 ), which is facing the other side of the isoalloxazine, probably due to a variation of the geometry of this arrangement. We have previously observed that replacement of the Tyr308 by Ser or Gly produce a full occupancy of the active site of the enzyme by the nicotinamide (37). As mentioned above, the position of Lys110 is probably by guest on October 30, 2017 
